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Abstract:
This thesis research uses 0.45 urn octahedral AgBr emulsion to study chemically
produced silver clusters. Reduction sensitization has been carried out with DMAB, SnCk,
and NaOH. The progress of the reaction has been monitored both with sensitometry and
diffuse reflectance spectra of the chemically produced silver clusters. The reflection
minimum occurs at about 476 nm, independent of reagent. The absorbency by these
clusters, derived from the Kubelka-Munk transform, is related to the concentration of the
sensitizing agent. Exposure to light causes a decrease in the absorbency by these silver
clusters, indicating that some of the silver clusters are hole traps. However, these silver
clusters cannot be completely photobleached ~ indicating some of them may be electron
traps.
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Chapter 1
Introduction
Chemical sensitization is the treatment of the silver halide grain surface with a low
level of sensitizing agents to increase the efficiency of latent image formation and/or to
modify the photographic performance, such as D-logE curve shape, reciprocity failure,
response to development time, etc. Such chemicals can react with the grain surface to
form small silver clusters or ionic clusters. These clusters are called sensitizer centers.
Evidence [Tani, 1994] [Spencer, 1967] [Palm, 1977] [Spencer, 1968] [Spencer, 1983]
[Collier, 1979] has shown that these sensitizer centers could either trap photoelectrons or
photoholes, and thereby prevent recombination and greatly increase the quantum sensitivity
of silver halide emulsions. Keen attention is being paid to the characterization of non-
developable silver clusters acting as a positive hole trap or as an electron trap, which are
referred to as R-center and P-center, respectively [Hamilton, 1981].
Traditionally, chemical sensitization has been divided into three categories: sulfur,
sulfur + gold, and reduction sensitization. Previous investigators have suggested that
sulfur sensitizer centers are silver sulfide aggregates (Ag2S)n [Hamilton, 1984], and sulfur
+ gold sensitizer centers are a mixed complex of Ag+, Au+, and
S2"
ions [Hirsch, 1972].
Both of them act as electron traps during exposure [Hamilton, 1984], but sulfur + gold
sensitization gives higher sensitivity than sulfur sensitization alone [Cash, 1983] and gold
can also lead to an antifogging effect [Hirsch, 1972].
Reduction sensitizer centers are of great theoretical interest because they are silver
centers, yet their properties have not been studied as thoroughly as sulfur sensitizer
centers. Reduction sensitizers are reducing agents. They can donate electrons to silver
ions, Ag+, to form silver clusters:
Ag+
+ = Ag (1.1)
Ag
+
Ag+
+ = Ag20... (1.2)
Since these silver clusters are stable but not developable, it is reasonable to say reduction
sensitization centers are Ag2, Ag3, or Ag4. Evidence indicates that reduction sensitization
leads to the formation of sensitizer centers which can be either hole traps or electron traps
[Tani, 1994] [Spencer, 1967] [Palm, 1977], depending on sensitizer concentration,
reaction time, and temperature. P centers act as electron traps at positively charged sites
and R centers act as positive hole traps at neutral sites [Tani, 1971].
Theoretically, sulfur + gold + reduction sensitization would greatly increase the
quantum sensitivity of silver halide emulsions (see Table 1.1) [Hailstone, 1988], since
sulfur + gold provides electron traps and R centers provide hole traps. However, S + Au
+ R sensitization has so far proven impractical. Over time the fog may increase due to
coalescence of centers. In addition, the speed may decrease because there are fewer R
centers. Also, large grains may suffer internal recombination, which surface R centers may
not completely inhibit. These problems can not be solved unless a controlled way to
produce R centers is known.
Table 1.1 Effect ofS+Au and hydrogen hypersensitization on quantum sensitivity.
Sensitization Quantum Sensitivity (photons/grain)
Unsensitized 75-100 or more
S + Au 8-9
S + Au in vacuum + H2 2-3
The purpose of this study was to characterize chemically produced silver centers,
Agn. This thesis research puts emphasis on those produced by reducing agents. The
reduction sensitizers used were borane-dimemylamine complex (DMAB), stannous chloride
(SnCl2), and high pH (NaOH). Theoretically, both DMAB and SnCl2 are two electron
donors upon heating. Reduction by high pH uses
OH"
as an electron donor or pH-
activated reducing impurities in the gelatin.
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(1.3)
*
Hydrogen hypersensitization is generally considered to be an efficient form of reduction sensitization
[Babcock, 1975]. It produces silver clusters, as detected by gold latensification [Hailstone, 1988]. Like
reduction sensitization, hydrogen hypersensitization is expected to destroy photoholes [Spencer, 1983].
Sn
h""
Sn
(1.4)
The properties of these silver clusters to be characterized are size n, reflectance or
absorption spectra, and classification as R centers or P centers. Sensitometric properties of
reduction-sensitized emulsions were also studied and conelated with their physical
properties.
A summary of several previous investigations concerning reduction sensitization is
presented in the next section. Then, the experimental section will outline the methodology.
Results and discussion will then be presented. Finally, the main conclusions of this work
will be summarized.
Chapter 2
Previous Investigations
Reduction sensitization ofmicrocrystals or grains ofan emulsion of a silver halide in an
aqueous gelatin solution was first operationally defined by Lowe, Jones, and Roberts [Lowe,
1951]. Since that time there have been a number of studies of reduction sensitization, and a
number ofmechanisms have been proposed to explain the increase ofgrain sensitivity.
Spencer concluded that the important sensitizing product of reduction sensitization is
silver [Spencer, 1967]. He found that when the reduction-sensitized emulsion is given the
treatments used for gold latensification * and then developed, either normally or with arrested
development,*
a fraction of the grains is found to have been made developable, even without
exposure. No development occurs if sulfur-sensitized or primitive grains are treated in the
same way. The latent fog centers revealed by the gold treatment of the sensitized emulsion
presumably mark points where discrete silver aggregates formed during the sensitization
process.
* Gold latensification: treatment ofa coatingwith gold solution (KAuCL. + KSCN) after exposure but before
development to intensify latent image and increase speed. Itwas found byHamilton that, in evaporated layers,
smaller gold clusters than silver clusters canbe physically developed [Hamilton, 1974]. Therefore, if latent
image is partially gold, itwouldbe expected to decrease n - theminimum developable size ofsilver cluster.
*
Arresting developer: weak developerwhich can develop a grainpartially at the site where the latent image
formed.
The evidence for the production of silver during reduction sensitization is most
convincing. In contrast, in the scientific literature, little attention has been paid to the processes
which may precede silver cluster formation: adsorption of sensitizer, reduction of silver halide
to silver, and rearrangement of atoms to form sensitizer centers. Even the stoichiometry and
kinetics of the sensitizing reactions have not been discussed thoroughly. In addition, whether
the inability ofthese sensitization specks to initiate development is a resultmerely of their small
size, or whether other factors, such as structure, location, charge, etc., are involved is not well
known, and the role ofthe silver clusters is not clear, although there is a general agreement that
the silver clusters are either functioning as electron traps or as hole traps. Essentially, the
purpose of the present work is to investigate the electronic properties of these chemically
produced silver clusters. The following paragraphs outline several selected investigations
relevant to this thesis.
Spencer found that at optimum sensitization many silver clusters per grain are
produced [Spencer, 1981]. Fig. 2.1 is a plot of a representative distribution of centers
determined for an octahedralAgBr emulsionwith grains having an edge length of0.9 um. The
centerswere detected by the gold latensification and arrested-development technique [Spencer,
1967]. The number ofdevelopmentspecks"found, however, increased with increasing time of
gold bathing; thus, the specks portrayed in Fig. 2. 1 represent only a fraction of the sensitizer
centers. The Poisson values were determined from experimental values of mean number of
T Specks: gold latensification and arrested development make a silver halide grain partially developed at
sites where latent subimage centers or chemically produced silver clusters form. Each of these centers
forms a development speck which can be observed under an electronmicroscope.
specks per grain. He concluded that the reduction sensitization centers are distributed
randomly among the grains.
O 2 4 6 8 lO 12 l 16 18 20
Specks /groin
Fig. 2.1 Distribution ofreduction sensitization specks amonggrains ofan emulsion composed ofoctahedral
grains ofmean edge length of 0.9 /mu The sensitization conditions were: 0.1 mg DMABperAg mole, 30
min at 60C. Development conditions: 5min goldbathing, 5min wash in KBr solution (1 gA), 7min EAA-6.
Solid lines: experimental results; circles: Poisson values; line and bars: 95% confidence limits, (from
[Spencer, 1981])
Spencer et. al. conducted a series of experiments in 1967 on reduction sensitization to
prove that chemically producedAg are hole traps [Spencer, 1967]. In their experiment, grains
of reduction sensitized emulsion are exposed for four sec to low-intensity light, bathed in the
latensifying solution for 20 min, and given the standard anested development. The reduction
sensitization specks and latent image specks or at least a fraction of them become visible in
the electron microscope. The developed silver particles fall into two distinct size classes, one
with a mean diameter about 0.1 of the grain diameter, and the other with a mean diameter
about 0.4 ofthe grain diameter. The distribution of the large specks conesponds to that of the
image centers, and the distribution ofsmall specks to that ofthe fog.
Fig. 2.2 shows the effect of increasing exposure on the number of small and large
specks in this emulsion. In this case, the average number of development centers/grain in the
unexposed emulsion, when bathed for 20 min in the gold latensifying solution and developed,
was 0.99. After an exposure of 4 sec to light ofmoderate intensity, an average of 1.31 small
specks and 1.16 large specks per grain were observed. After an exposure of 8 sec to light of
the same intensity, most of the small centers have disappeared, leaving essentially only large
specks exhibiting a strong preference for an one-per-grain distribution.
Exposure (sec)
Fig. 2.2 Variation with time ofexposure ofthe average number ofspecksper grain ofa reduction-sensitized
emulsion bathed in goldbefore development "Large specks. Small specks. A Total specks, (from [Spencer,
1967])
These data show clearly the very important fact that the sensitizer products, which are
capable of being made into developable centers by gold latensification, are progressively
destroyed by exposure to light. This demonstrates conclusively that at least one function of
the products of reduction sensitization is to combine with either photoholes or free halogen,
thus protecting the growing latent image centers from regression. In this set of data, a latent
image center has formed in most grains before the sensitizer products have been noticeably
diminished. It appears that latent image silver has formed at sites distinctly apart from those at
which the fogging sensitizer specks are located. This indicates that the products of normal
reduction sensitization are relatively unimportant as electron traps, but provide efficient hole
traps.
T i i I I I l I I i I I I r
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Log (mcs)
Fig. 2.3 D-logE curves for reduction- (R), sulfur- (S), and reduction-plus-sulfur- (R+S) sensitized grains,
desensitized and bathed in gold. 2 mg of SnCl/Ag mole, 80 mg ofNa^2O^Ag mole, and 600 mg of
phenosafranine/Ag mole were used for reduction sensitization, sulfur sensitization, and desensitization,
respectively. Development in KodakDeveloperDK-SOfor 5min at 20 *C. (front [Spencer, 1968])
Later, Spencer also conducted a reduction-plus-sulfur sensitization experiment
[Spencer, 1968]. The sensitization was accomplished by first reduction sensitizing, followed by
sulfur sensitizing the liquid emulsion. A desensitizing dye, phenosafranine, was added to the
emulsion to prevent latent image formation. Fig. 2.3 shows the D-logE curves for reduction-
sensitized (R), sulfur-sensitized (S), and reduction-plus-sulfur-sensitized (R+S) grains.
Because of the large amount of sulfur and reduction sensitizer, appreciable fog is exhibited for
sulfur-, reduction-, and reduction-plus-sulfur sensitized grains. In the sulfur-sensitized grains,
no effect of exposure is indicated. No latent image centers are formed, because of the
overriding effect of the large amount ofphenosafranine. Also, the silver sulfide fog centers are
not affected by the light exposure. Fog due to reduction sensitization can be completely photo-
bleached, but fog caused by reduction-plus-sulfur sensitization only can be bleached to the
density of the sulfur-sensitized grain. This experiment again shows that reduction sensitization
center behavior is consistent with hole traps and that sulfur sensitizer centers are not oxidized
by holes.
Tani in 1971 suggested that reduction sensitization (SnCl2 and
Ag+
treatment of a 0.65
um octahedral AgBr emulsion) forms both electron traps and hole traps [Tani, 1971]. He
proposed to explain the difference between the hole trapping and electron trapping centers in
terms of the sites at which they formed. He suggested that silver centers which formed at
surface defect sites such as positive kinks would be charged and trap electrons, whereas those
at defect-free sites would be electrostatically neutral and trap holes. According to this
hypothesis, the distinction depends only upon the residence site and is independent of the
number of silver atoms in the center. In 1972, Tani also found that on very small silver halide
grains or on somewhat larger cubic ones, normal levels of reduction sensitization with SnCl2
produced almost exclusively hole-trapping centers, but that prolonged reaction time, higher
SnCl2 concentrations, or reaction at low pAg also formed electron-trapping centers [Tani,
1972].
In 1977, Moisar and his coworkers confirmed Tani's hypothesis [Palm, 1977]. In their
experiments, monodispersed cubic and octahedral AgBr emulsions were prepared by pAg-
controlled double-jet method. Reduction sensitization was performed by reaction in the
presence ofhydrazine or at low pAg. After sensitization, the original emulsion conditions were
10
restored by pH and pAg readjustment. The emulsionswere coated and the strips were exposed
behind a step-wedge for 0.4 sec to white light. The exposed strips were developed either in a
surface developer to obtain surface sensitivity or, after bleaching, in an internal developer
containing thiosulphate as solvent to obtain intrinsic internal sensitivity.
2.5-
2.0
1.5-
1.0
0.S-
7. Fog
(Au-Dv.)
100
- SO
/,
Surface Oev.
\Jlnt. Dev.
'Fog (Au-Dev. )
b
30 60 120 180 240
tR Imin)
Fig. 2.4Sensitivityfor surface and internal development andfog afterAu-development * vs time ofreduction
sensitization ofa cubicAgBr emulsion, (a) Silver digestion atpAg 5.4 and 50 XI. (b) Digestion with 0.23 g
hydrazine/moleAgBr at 50C. (from [Palm, 1977])
Their experiments, as shown in Fig. 2.4, indicate two very different regions appear in
the course of reduction sensitization: there is one region which is observed in earlier stages of
sensitization and/or under somewhat milder reaction conditions (high pAg, low temperature,
smaller amount of reducing agent) and where both the surface and internal speeds increase
11
compared to those of the primitive emulsion. The other region appears after longer
sensitization time and/or at more extreme sensitization conditions (low pAg, etc.). In this
region, surface speed still remains highwhereas the internal speed decreases.
In the early stage of reduction sensitization silver specks are formed which upon
exposure cause a general increase of speed both surface and internal. Such specks obviously
render the photographic process more efficient, but they do not act as sites where latent image
deposits. Although, as a result of reduction, they are subdevelopable specks consisting of
silver, they do not grow to developable size upon exposure. They therefore are not electron
traps. However, since they increase speed they appear to be hole traps. By trapping and
eliminating holes they decrease the chance of recombination, and thereby increase the lifetime
and/or the number of
electrons.*These electrons consequently lead to the formation of an
increased amount of latent image silver. With increasing time of the sensitization reaction the
sensitometric behavior changes: surface sensitivity increases, whereas the internal sensitivity
drops sharply. This can only be explained by electron capture at the chemically produced
clusters on the surface ofthe grain.
Reduction sensitization appears to lead to both types of traps. It is a matter of the
reaction conditions determining if sensitization yields predominantly hole traps or if electron
traps (perhaps in addition to many hole traps) are formed. Even if a great number ofhole traps
* Au-Development: there is only a very slow increase of fog with sensitization time upon surface
development. If, however, surface development is combined with a treatment in a gold decoration bath
the fog is greatly increased and, at longer sensitization times, approaches nearly a value of 100%.
* An intriguing feature of reduction sensitization has been pointed out by Lowe [Lowe, 1963]. For silver
centers of 2-atom size, either initially or bleached to that size by photooxidation, the following reaction
may occur: Ag2 +
h+
-*
Ag2+
Ag2+->.Ag +
Ag+
Ag->Ag+
+
By this mechanism, a single absorbed photon produces two conduction-band electrons.
12
exist in a grain, just one additional electron trap would decisively influence latent image
topography. The hole traps in this case would indeed enhance the photographic yield by
reducing recombination between holes and electrons, but the position of the latent image is
determined by the electron trap, if such is present.
In 1979, Collier extended the work of Tani and Moisar et. al. using a 1.08 urn
octahedral AgBr emulsion and included DMAB, SnCl22H20, hydrazine, high pH, and low
pAg as reduction sensitizers [Collier, 1979]. Variations were made in the sensitizer
concentration and temperature of reaction. She found that all sensitizations could produce a
surface speed gain that was accompanied by increased electron trapping as monitored by
microwave photoconductivity. Significant surface speed changes due to hole trapping were
detected only with DMAB and SnCl22H20. These sensitizations produced hole traps at low
sensitizer concentrations, and both hole and electron traps at higher concentration levels. With
the increase in electron trapping, the evidence for hole trapping disappears.
In 1981, Hamilton and Baetzold studied the growth kinetics of development centers
formed at gold-treated reduction sensitization centers and at small photolytic centers
[Hamilton, 1981]. The result indicated that these two types of centers differ in some property
other than size. Molecular orbital calculations support Tani's hypothesis that reduction
sensitization centers usually form at uncharged sites, whereas photolytic silver centers are
formed at partially charged kinks and jogs.
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In 1994, Sydow et. al. studied the effect ofexposure on the UV-visible spectra ofultra-
fine-grained, chemically unsensitized emulsions, which were precipitated with various gelatin
concentrations and which have different silver halide/gelatin proportions [Sydow, 1994]. The
dried layers of these emulsions weremade 0.5 mm thick, and were exposed to flash light (flash
energy 960 J, color temperature 5500 K, flash time 0.001 s, distance 50 cm). Reflectance
spectra were recorded for all specimens both before exposure and after exposure. By
subtracting the reflectance spectra recorded after exposure from the reflectance spectra of the
unexposed specimens, difference spectra were calculated, in which the changes of optical
density due to photolysis of the silver halide becomes visible. Fig. 2.5 shows an example of
such difference spectrum. The density difference 5D between the exposed and unexposed layer
is plotted againstwave-number.
OLf U(exposed) ~ l-'(unexposed)
SO
i.e
1.4
1,2
Hi
r'.i ':
0.8
o.e
0,2
0
10"
-
39O
( 25.6
334 nm
( 29.9 * 10* )f
nm / i \
* 10* ) J ' \
^^530 mn
;S A ( 18.9 \ 10a )
470 nm \
( 21.2 * 10a ) \
^ i i i i r i __i 1 . _i_ 't i i r i t , t i 1 i r
36 30
Wellenzahf^lOOO/cml
20 15
Fig. 2.5 Difference spectrum ofan exposedAgBr emulsion layer, (from [Sydow, 1994])
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Four photolysis bands can be seen in Fig. 2.5, situated at 334 2 nm, 390 6 nm, 470
8 nm, and 530 9 nm. Only the 530 nm band appeared in all the cases. By contrast, the 334
nm, the 390 nm, and the 470 nm photolysis bands frequently scarcely stood out from the noise.
The difference spectrum in Fig. 2.5 was chosen as an example of one of the few cases inwhich
all four photolysis bands could be seen.
Tani, also in 1994, used adsorbed Agn spectroscopy, accompanied by
photoconductivity and sensitometry of the emulsion, to study reduction-sensitization-produced
silver clusters [Tani, 1994]. Photographic emulsions used were composed of octahedral and
cubic AgBr grains (diameter 0.2 /an) suspended in aqueous gelatin solution, and prepared by
pAg controlled double jet method. Reduction sensitization was accomplished by reacting the
emulsion withDMAB for 60 min at 60C. These emulsions were coated, dried, and subjected
to various measurement. Each film strip was exposed to a tungsten lamp (color temperature:
2854 K) through a continuous wedge for 10 sec and subjected to surface development at 20C
for 10 min by surface developer EAA-1 [James, 1953]. The photoconductivity ofAgBr grains
with photoelectrons as electronic carriers was given by the peak height of their microwave
photoconductivity signal at -100C. Absorption spectra of reduction sensitization centers, fog
centers, and latent image centers on emulsion grains were obtained by measuring the
reflectance of thick layers of reduction-sensitized emulsion in liquid state with reference to
unexposed and unsensitized emulsion by means of a spectrophotometer with an integrating
sphere.
Fig. 2.6 shows photographic sensitivity, fog density, and photoconductivity of
reduction-sensitized an octahedral AgBr emulsion as a function of the amount of the DMAB
15
used. With increasing amount of sensitizer, the increase in sensitivity caused by reduction
sensitization centers proceeded through two steps, and eventual formation of fog centers. The
first step was not associated with change in photoconductivity, and was ascribed to the
sensitization caused by R-centers (hole traps). The second step was associated with decrease
in photoconductivity, and was ascribed to the sensitization caused by P-centers (electron traps).
irr7 10"6 lfr5 io""
DMAB(mol/mol AgBr)
Fig. 2.6 Photographic sensitivity, fog density, and photoconductivity (measured at -100C) of octahedral
AgBr emulsion grains with diameter 0.2 fan as a function of the amount ofDMAB used . (from [Tani,
1994])
Fig. 2.7 shows the diffuse reflectance spectra of thick liquid layers of the same
reduction sensitized emulsions with reference to those of unsensitized emulsion. Reduction
16
sensitization could produce two main absorption bands peaked at 474 nm and around 540 nm.
As shown in Fig. 2.6, silver clusters on sample number 9 to number 15 are interpreted as
electron traps and all samples after sample 17 are D,^ fogged, so the absorption band that
peaked at 474 nm conesponded to the P centers and 540 nm conesponded to fog centers.
380 420 460 500 540 580 620 660 700 740 780
Wavelength ( nm I
Fig. 2. 7Diffuse reflectance spectra ofDMAB sensitized emulsions. The sample number corresponds to
those in Fig. 2.6. (from [Tani, 1994])
The absorption spectra (Fig. 2.8) of silver clusters on the emulsion grains were derived
by transforming diffuse reflectance spectra with the Kubelka-Munk (KM) equation [Herz,
1968] as shown below.
A = F(R) =KM= (1-RJV2R = cs/S (2.1)
where A is the absorption, R is the diffuse reflectance of the thick layers, c is the concentration
of silver clusters, and s is the absorption coefficient of silver clusters and S is the scattering
coefficient of the emulsion used. Both s and S are functions ofwavelength. The value ofKM
= (1 - R)2/2R in Fig. 2.8 is proportional to the product of the concentration and absorption
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coefficient of those centers according to Eq. 2.1, assuming scattering coefficient is a constant.
The value of KM for P centers at 474 nm and for fog centers at 540 nm are plotted as a
function the amount ofDMAB in Fig. 2.9, which indicates that with an increasing amount of
the sensitizer, the product of the concentration and absorption coefficient of P centers
increased in proportion to approximately the square of the amount of sensitizer. The lower
slope in the upper region of Fig. 2.9, together with the appearance of the absorption band of
fog centers, was interpreted to indicate that the sites for P centers were saturated and fog
centers began to form.
380 420 460 500 540 580 620 660 700 740 780
Wtvelengih (nm )
Fig. 2.8 Absorption spectra ofP centers andfog centersformed on octahedralAgBr emulsion grains with
diameter 0.2 /jm. The numbers in thisfigure correspond to those in Fig. 2.6 and 2. 7. (from [Tani, 1994])
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Spencer et. al. selectively reviewed many of the characteristics of chemically produced
silver clusters [Spencer, 1983]. He explained that centers formed by reduction sensitization
and those formed by exposure usually behave differently because of the different mechanisms
whereby centers form. Exposure releases photoelectrons into the conduction band of the silver
halide grains, and some of these electrons, through a complicated trapping, detrapping and
ionic neutralization process, eventually form latent-image centers, which are composed of
silver. Reduction sensitization, in contrast, produces silver centers without electrons entering
the conduction band. Reduction sensitization centers can be either hole traps or electron traps.
The sensitizer centers which are hole traps were oxidized if the silver halide grains were
exposed. Trapping of holes, either directly or indirectly, by the sensitizer centers is probably
the first step in the photo-oxidation. If this trapping is followed by the loss of a silver ion, the
center is diminished in size, and after repetition of this hole trapping and silver-ion-ejection
sequence, the center becomes too small to trigger development even after gold bathing. Some
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sensitizer centers, however, can trap electrons and act as nuclei for latent image centers. He
concluded that reduction sensitization induces hole traps in small octahedral grains (0.27 urn)
and in larger cubic ones (0.7 um), but induces electron traps in tabular grains (1.3 (am) and in
larger octahedral ones (0.65 um).
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Chapter 3
Experimental
3.1 Emulsion preparation and sensitization.
As described previously by Hailstone, the emulsion was precipitated using the double
jet method [Hailstone, 1988] and was prepared by Mr. Gary DiFrancesco. A precipitation
vessel containing deionized gelatin was adjusted to pH 7.0 at 40C. The temperature was then
raised to 75C and the pAg adjusted to 7.8 with a KBr solution. The KBr and AgNC*3
solutions were then pumped in at a constant flow rate for 1.5 rrrin with the pAg held constant.
The pH was then adjusted to 3.0 with HNO3 (diluted 1 to 10) and the pAg to 8.5. The AgNQs
was pumped to the vessel using an accelerated flow rate having a linear profile. Excess salt
solution was stopped when the silver solution ran out, which occurred at approximately 60
min. The vesselwas then cooled to 40C, deionized phthalated gelatin added, and four washes
carried out. Additional deionized gel was added and final adjustments to pH 5.6 and pAg 8.0
were made. The resulting monodisperse emulsion is composed of AgBr octahedra having a
mean edge length of0.45 ^irn.
Before sensitization, the emulsion was diluted by deionized gelatin solution at 40C so
as to achieve 2% Ag and 4% gel concentrations, pH was adjusted to 5.6 by NaOH or HNO3,
and pAg was adjusted to 8.0 by KBr or AgN(>3 solutions. Reduction sensitization was
accomplished by reacting the emulsion with different levels ofDMAB in 2-propanol solution or
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SnCl2 inwater solution at 60C for 30 min and pH sensitization (pH adjusted by 1 M NaOH)
was at 60C for 40 min. The temperature ramp conditions for DMAB and SnCl2 sensitization
are shown in Table 3.1. Temperature ramp for pH sensitization was similar to those in Table
3.1 except for hold and ramp time. The sensitized emulsions were stored in a refrigerator for
later use.
Table 3.1. Temperature ramp conditions for sensitization.
Segment number Aim Temp. (C) ControlMode Time, (sec)
1 40 Hold 10
2 60 Ramp 800
3 60 Hold 1800
4 40 Ramp 800
5 40 Hold 600
3.2 Coating, processing, and densitometry.
The above sensitized emulsions were re-melted at 40C, and surfactant (15% water
solution ofPolystep B-27) was added to each sample at the level of2 ml/100 g emulsion. The
emulsionswere coated on clear acetate support at lg Ag/m2, 2g gel/m2, without hardener. The
film was dried over night, exposed for
10"2
s on EG&Gmodel VII sensitometer with a 0 to 3.0
density, 21 -step tablet incorporated into the exposurewindow, developed in EAA-1 for 40 min
at 20C, fixed for 3 min Densities were measured by a Macbeth densitometer. Due to the
limitation of the coating machine,D^ varied from one strip to another. Therefore, speed was
measured atmean density, which is the average ofD, and Dmax.
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Fig. 3.1 is a set up schematic for processing. The films were processed as two drops
simultaneously. During processing, a nitrogen gas burst from the bottom of each tube was
used to agitate the solutions in the tubes and to minimize developer oxidation by air. Fig.
3.2 is the racking schematic for eight strips in one drop. A processing error test was
conducted using the films cut from one coating loop.
Developer
EAA-1
\y
Water Fixer
Na2S203
Fig. 3.1 Set up schematicforprocessing.
Processing
tube
Rack
- Film Sample 6 Rack
Processing
tube
(a) (b)
Fig. 3.2 Racking schematicfor eight strips in one drop, (a) Front view, (b) Top view.
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3.3 Reflectance.
The sensitized emulsions were melted and transferred into plastic cuvettes with
thickness 1 cm. Reflectance spectra of unsensitized and reduction-sensitized emulsions were
measured in liquid state, with reference to packed barium sulfate (also in a plastic cuvette) by a
Shimadzu UV2100U spectrophotometer with an integrating sphere attachment. The samples
were scanned at medium speed from 800 nm to 300 nm, with slit width 5 nm. The reflectance
spectra of sensitized and/or exposed emulsion with reference to unexposed, unsensitized
emulsion were obtained by subtracting the later from the former and then adding 100 (percent),
wavelength by wavelength. As a result, the reflectance of a sensitized emulsion is 100% if the
measured reflectance of this sample and the unsensitized emulsion are the same. The barium
sulfate reference was changed once a week because its reflectance at shorter wavelength
gradually deteriorateswith the lapse of time.
The integrating sphere has round apertures, one for the sample and the other for the
reference. As shown in Fig. 3.3, the diameter of integrating sphere aperture is bigger than the
width of the cuvette, and this part is covered by the cuvette holder which is made ofmetal and
painted black. Therefore, the so-called integrating sphere is not a complete sphere. The black
spots lower the sensitivity of the instrument because they trap some of the reflected light. In
addition, the cuvette holder is a little bit loose for cuvettes. Reflectance measured by this
instrument is very sensitive to the position of both sample and reference cuvettes in their
holders. To solve this problem, the cuvette positions were adjusted by hand so that the
reflectance of all samples were the same (about 90%) at 800 nm relative to barium sulfate
reference.
24
Integrating Sphere
(Inside)
Fig. 3.3 The aperture ofintegrating sphere, lookingfrom inside.
3.4 Absorption
The absorption spectra of silver clusters on the emulsion grains can be transformed
fromdiffuse reflectance spectra with the Kubelka-Munk equation as shown below.
A =F(R) = KM= (1-Rf/2R = csJS (3. 1)
where R is the diffuse reflectance of the thick layers, c is the concentration of silver clusters, e
is absorption coefficient of silver clusters, and S is the scattering coefficient of the emulsion
used. Both e and S are functions ofwavelength.
This transformation was done by the software called UWIS-3000 which is available
from Shimadzu. This software controls the Shimadzu UV2100U spectrophotometer which
was connected to an IBM compatible 486 computer, and it also can do some calculations such
as subtracting (adding, multiplying, or dividing) one spectrum from another, adding a constant
to a spectrum, and smoothing a spectrum. All the reflectance spectra in this research thesis
were smoothed by applying a smoothing kernel with 10 nm width before they were
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transformed to absorption spectra. Each spectra was first saved as a Shimadzu data file with a
suffix of ".spc". UWIS-3000 can also transfer the ".spc" files to ASCII files in order to do
further analysis using Excel or other software.
3.5 Photobleach.
The photobleach experiments were conducted by exposing emulsions in cuvettes to a
tungsten-halogen light source for seconds to minutes and then running the diffuse reflectance
spectra of the exposed samples. This procedure was done one sample at a time, Le., the
sample was taken to the spectrophotometer immediately after it was exposed. The data
processingwas the same as described in section 3.3 and 3.4.
To avoid absorption by silver the clusters directly, a 400 nm interference filter (10
nm half band width) was incorporated into the exposure window. To study chemically
produced silver cluster separately, a strong electron trapping agent called methyl viologen
dibromide (MV), was added to the emulsion before exposure to prevent latent-image
center formation. A 1.0 neutral density filterwas also used to test the reciprocity properties.
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Chapter 4
Results and Discussion
4.1 Sensitometric results.
4.1.1 Processing error test.
Fig. 4.1 shows the speed distribution of the total sixteen strips used for the
processing error test. The average speed is 3.005 logE, the standard deviation is 0.01
5 -
w 4 -
t(H 3 -
S 2 -
2.98 2.99 3 3.01 3.02
Speed, logE
Fig. 4.1 Histogram ofspeed distribution in processing error test The strips were from a coating of a
0.45 u/n unsensitized octahedralAgBr emulsion, exposed on EG&Gfor 0.01 sec, andprocessed in EAA-
Ifor 40min.
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logE, and the measured speed error is 0.02 logE within 95% confidence. Fig. 4.2 is the
speed distributions of the strips processed in two sets of tubes, respectively. The mean
speed difference of the two sets is 0.005 logE and the speed distributions are also slightly
different. These errors may be due to a different rate of nitrogen burst between the two
tubes, nonuniformities in the coating, stability of sensitometer and densitometer, and the
processing efficiency ofboth sides of the strips on a rack.
3
z
2.98 2.99 3 3.01 3.02
Speed, logE
2.98 2.99 3 3.01 3.02
Speed, logE
Fig. 4.2 . Speed distributions of the stripsprocessed in two sets oftubes, respectively.
4.1.2 Sensitometric results of reduction-sensitized emulsions.
Fig. 4.3 is a plot ofphotographic sensitivity and fog density of reduction-sensitized
octahedral AgBr emulsion grains as a function of DMAB concentration. Sensitivity for
each sample is expressed by the change of speed relative to unsensitized emulsion. D-
logE curves of each samples are shown in the appendix. Since all of the speed
differences observed here are far beyond processing error, the speed differences can not
be explained by noise.
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Fig. 4.3 shows that speed continues to increase within the range of DMAB
concentration used. The data indicated by solid points were obtained by processing the
films on the day after sensitization and coating. The data indicated by gray points were
from the first coating but processed ten days later; the empty points were obtained by
coating and processing twelve days after the sensitization. Upon storage of the coated
strips, speed uniformly increased but fog remained the same. However, after the
sensitized emulsion was stored for twelve days and then coated, the speed increase is
larger when the DMAB concentration is higher and the fog density started to increase as
speed reached to a certain level.
Comparing Fig. 4.3 with Tani's result (Fig. 2.6), the range of DMAB
concentration used corresponds to Tani's samples number 9 to 17.* Note that there is a
sharp transition from no fog to Dmax fog in Fig. 2.6, i.e. slight increase of DMAB
concentration or slight increase of speed can take the emulsion from no fog to DmaX fog.
That's why fog density of Tani's sample 17 is about one third of Draax, but none of the
solid points in Fig. 4.3 appear foggy and the last empty point appears one fourth of Dmax
fog. Roughly speaking, the results of this experiment and Tani's experiment are consistent
with each other.
* The AgBr octahedral grain used in this experiment was 0.45 um in edge length, whereas, Tani used a
0.2 um grain in diameter. Suppose the term
"diameter" Tani used to measure the size of grain is
equivalent to edge length, our concentration should be 2.25 times less if we do a comparison at equal
DMAB/surface area. Therefore, log(C/2.25) = logC - 0.352, i. e., 0.352 should be subtracted from logC
before comparison with Tani's results. Therefore, the highest concentration in Fig. 4.3, when adjusted for
differences in edge length, is about 3 times lower than Tani's sample 17.
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Fig. 4.4 is a plot of relative speed and fog levels as a function of log[DMAB] for
another batch ofDMAB sensitization with the same procedure as the DMAB sensitization
in Fig. 4.3. The films were coated and processed 25 days after sensitization. Comparing
the two plots, it seems that the emulsions in Fig. 4.3 are faster especially at low DMAB
concentration. The difference is much more than the change due to instability.
Reproducibility of SnCl2 sensitization is even worse than that of DMAB sensitization.
Reproducibility of a pH sensitization has not been studied. Therefore, in addition to the
stability problem, more work is needed to study the reproducibility of reduction
sensitization.
Fig. 4.5(a) and (b) are plots of relative speed and fog levels as a function of SnCl2
concentration or pH. For SnCl2 sensitization, unlike DMAB sensitization, speed increases
with the concentration of SnCl2 up to a maximum speed increase of 1 . 1 logE. When this
speed has been reached, more sensitizer could not invoke more speed increase but did
increase the fog density. After the coated films were stored for 1 1 days, the speed and fog
slightly increased. However, after the emulsion samples were stored for 13 days, then
coated and processed, both the speed and fog decreased. The pH sensitization series
resulted in a speed gain similar to that for DMAB and SnCl2.
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Fig. 4.5 Change ofspeed andfog levels as afunction oflogfSnClJ orpH.
The solidpoints: processed on the next day ofsensitization and coating.
The graypoints:first coating, processed 11 days later.
The emptypoints: coated andprocessed 13 days after sensitization.
4.2 Reflectance and absorption.
Fig. 4.6 is typical reflectance spectra for the same DMAB sensitization series as
described in Fig. 4.3. The spectrum with smallest valley depth corresponds to the sample
sensitized with the smallest amount of DMAB, and that with biggest valley depth
corresponds to the sample sensitized with the largest amount of DMAB. The reflection
decreases with the concentration of DMAB. The minimum reflection occurs at about 476
nm for the sample with the highest DMAB level. The minimum reflections of the samples
sensitized with lower level of DMAB shift to longer wavelength. This shift is consistent
with Tani's work [Tani, 1994] shown in Fig. 2.7.
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Fig. 4.6Reflection spectrafor theDMAB sensitization series described in Fig. 4.3.
Fig. 4.7 shows the relationship between relative speed and minimum reflectance of
each DMAB-sensitized sample. The two sets of data, diamonds and triangles, are from
the same DMAB sensitization, but the coating and processing date, and the date of
running the reflectance spectra are different (see caption of Fig. 4.7 for details). This
figure shows that as speed increased upon storage, the reflectance peak also increases. The
trend lines for the two sets ofdata are very close to each other. Such a trend line can be used
as a look up table. Therefore, film speed could be approximately determined by simply
running a reflectance spectrum of the emulsion.
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Fig. 4. 7 Relationship between change of speed and reflectance at 476 nm of each DMAB sensitized
samples. Diamonds: spectra run and films processed on the next day of sensitization and coating.
Triangles: spectra run andfilms coated andprocessed 12 days after sensitization. The solid line is a
first order least-square fit of the diamonds. The dotted line is a first order least square fit of the
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Fig. 4.8 Reflectance curvesfor the SnCl2 sensitization series described in Fig. 4.5(a).
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Fig. 4.8 is reflectance spectra of the SnCl2 sensitization series described in Fig.
4.5(a). The spectra are very similar to Fig. 4.6, except that the valley depth is smaller
compared with the same mole concentration ofDMAB. Only four spectra are shown in
Fig. 4.8 because the signal of the three lowest concentrations are too weak to be detected.
The reflectance spectra of the pH-sensitized emulsions could not be obtained, since the
signals were too weak. Fig. 4.9 and Fig. 4.10 shows absorption spectra obtained from Fig.
4.6 and Fig. 4.8 using theKubelka-Munk transform, respectively.
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Fig. 4.9Absorption (KM) spectra ofDMAB sensitized emulsions obtainedfrom Fig. 4.6.
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4.3 Relationship between absorption (KM) and sensitizer concentration.
According to Eq. 3.1, ifKM at a certain wavelength is plotted against silver cluster
concentration c, the slope or tangent of the curve gives s/S. However, the silver cluster
concentration c is unknown. Therefore, a relationship between silver cluster concentration c
and sensitizer concentration [sens] must be first established.
Table 4.1 indicates the average number of DMAB molecules per grain. The
calculations are as follows:
DMAB molecules/sample = (mole DMAB/moleAg) x (mole Ag/sample) x 6.02 x 10
,23
AgBrweight/sample = total weight/sample x Ag% x MWAgBi/AWAg
*
* MWAgBr: molecularweight ofAgBr.
AWAg: atom weight ofAg.
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AgBr volume/sample = (AgBrweight/sample) /AgBr density
Number ofgrains/sample = (AgBr volume/sample) / grain volume
DMAB molecules/grain= (DMAB molecules/sample) / (Number ofgrains/sample)
Table 4.1 Calculation of the number ofDMAB molecules per grain.
index C (mole/mole
Ag)
mgDMAB mg/mole Ag number of
molecules
molecule/grain
1 0
2 2.64X10-6 2.875xl0"3 0.155 2.94xl016 2694
3 5.27X10"6 5.749xl0"3 0.311 5.87xl016 5389
4 1.05xl0'5 1.150xl0"2 0.622 1.17xl017 10778
5 1.58xl0'5 1.725xl0"2 0.932 1.76xl0"17 16167
6 2.11xl0-5 2.230xl0"2 1.243 2.35xl017 21556
7 3.16xl0"5 3.449xl0"2 1.864 3.52xl017 32334
8 4.22xl0_i 4.599xl0"2 2.486 4.70xl017 43112
The average number ofDMAB molecules per grain, in the range from a few thousand
to tens of thousand, indicates that either only a very small amount of sensitizer added actually
reacted to form silver clusters, ormany silver clusters formed on the surface of each grain. The
former conclusion cannot be proved unless the unreacted DMAB concentration could be
analyzed. Spencer's investigation supports the assumption of many centers per grain
[Spencer, 1981]. In addition, Spracklen gave the result that there could be as many as
thousands to tens of thousands of
S2"
atoms/urn2
on the surface of silver halide grain,
depending on the sulfur sensitizer level and exposure time [Spracklen, 1966]. The AgBr grain
used in our experiments is 0.45 urn in edge length, which leads to a surface area of 0.70 um .
Although the size ofsilver sulfide aggregates (Ag2S)n is unknown, it's likely that there are a
thousands of silver sulfide aggregates per grain at optimum concentration. Analogous to
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sulfur sensitization, the production of thousands of silver clusters per grain by DMAB is
plausible.
In order to derive a relationship between the sensitizer concentration and the silver
cluster concentration, we make the following assumptions:
1. The reaction between the reduction sensitizer is irreversible, i.e., there is no
equilibrium.
2. The reaction goes to completion.
3. There are no side reactions.
4. The oxidized sensitizer cannot react with the silver clusters.
5. The number of
Ag+
is large enough to be considered constant throughout the
reaction.
6. One sensitizer molecule provides a electrons and P sensitizer molecules produce one
silver cluster.
7. Only one type of silver cluster is produced.
Then
Psens->Agap (4.1)
where P can be fractional. The sensitizer concentrations and silver cluster concentrations are
related as follows:
[sens]/p = [AgaP] (4.2)
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The right hand side is c. Therefore
[sens]/p = c (4.3)
[sens]/p = KM x S/s (4.4)
KM = [sens] x s/(Sp) (4.5)
logKM = log[sens] + log(e/(Sp)) (4.6)
This means that KM and [sens] are linearly related. Therefore, the plot of logKM vs log[sens]
should be linearwith slope 1.0.
Table 4.2 summarizes data related to KM and [sens] for a typical DMAB sensitization
series, and Fig. 4.11 shows the relationships betweenKM and [sens] for this series. Since KM
and [sens] are very small numbers (about
10"5
or W6) and the software used for fitting trend
lines can only show at most four decimal places, they were multiplied by
105
to make the
calculation more convenient and more accurate.
Fig. 4. 1 1(a) shows that the plot ofKM vs [sens] is not linear over entire range, but a
straight line fitswell to the last five points (R2 = 0.9974) and Eq. 4.7 describes the fitted line.
KMxlO5
= 93.672 x [sens] x
105
- 59.664 (4.7)
KM and [sens] are linearly related as predicted by Eq. 4.5. However, the straight line has a
intercept of -59.664 instead of 0. This indicates that the spectrophotometer used cannot get a
detectable signal until the sensitizer concentration has reached a certain
level.* This lowest
sensitizer concentration can be calculated from Eq. 4.7: C(KM=0) = 6.369x 1
0"6
" This was confirmed by using a better designed integrating sphere. A reflection signal about 1.3 times
strongerwas obtained.
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Ourmodel assumes that all silver clusters contribute to the absorption signal. In order
to adjust the data to this assumption, the effective sensitizer concentration should be calculated
by subtracting C(KM=0) from the real concentration of sensitizer used. This will have the
effect of causing the fitted line to pass through the origin. The calculated data are shown in
Table 4.2. Note that C(KM=0) is greater than the DMAB concentration of the first two
samples whose absorption spectra are still detectable. Therefore, there must be some other
factors that affect the value of the intercept in Eq. 4.7 or the reaction model should be slightly
changed.
Table 4.2 KM and [sens] (C) data for a DMAB sensitization series.
mg/mole
Ag
C(mole/mole
Ag)
CxlO5
log(Cxl05) log(Cxl05
0.637)
KM KMxlO5 log(KMxl05)
0 0 0
0.155 2.64xl0-6 0.264 -0.579 0.00004 4 0.602
0.311 5.27X10-6 0.527 -0.278 0.00014 14 1.146
0.622 1.05xl0-5 1.054 0.023 -0.379 0.00043 43 1.633
0.932 1.58xl0"5 1.582 0.199 -0.024 0.00079 79 1.898
1.243 2.11xl0"5 2.111 0.324 0.168 0.00142 142 2.152
1.864 3.16xl0"5 3.164 0.500 0.403 0.00241 241 2.382
2.486 4.22xl0"5 4.219 0.625 0.554 0.00333 333 2.522
Fig. 4.11(b) is a plot of log(KMxl05) vs log([sens] xlO5), which is similar to Tani's
work [Tani, 1994] shown in Fig. 2.9. This plot does not take effective concentration into
consideration. Although log(KM) and log([sens]) are linearly related as predicted by Eq. 4.6,
the slope is 1.5 rather than 1. Fig. 4.11(c) is a plot of log(KMxl05) vs log(effective
concentrationx 105). The fitted line has a slope of 0.9776, which is very close to the predicted
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value of 1 . This result corrfirms that the reactionmodel expressed by Eq. 4. 1 is correct, at least
for the highest concentrations ofDMAB.
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Fig. 4.11 Relationship between KMand[sens] (Qfor theDMAB sensitization series.
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Eq. 4.5 and Eq. 4.6 indicate that we cannot learn anything about the stoichiometry, a
and P, from these plots because P is in the intercept or in the slope along with s and S.
However, we can do a similar analysis for SnCl2 sensitization series and then compare the two
sets of data to get some information about relative P (number of sensitization molecules to
produce one silver cluster).
Table 4.3 shows KM and [sens] (C) data and Fig. 4. 12 shows the relationship between
KM and [sens] for the SnCl2 sensitization series. The first four sensitized sample's absorption
peaks are not visible in Fig. 4. 10, so Fig. 4. 12(b) and (c) only contains three points.
Table 4.3 KM and [sens] (C) data for the SnCl2 sensitization series.
mg/mole
Ag
C(mole/mole
Ag)
CxlO5 log(Cxl05) log(Cxl05-
2.18)
KM KMxlO5 log(KMxl05)
0 0 0
0.5 2.64X10"6 0.264 -0.579
1 5.27xl0-6 0.527 -0.278
2 1.05xl0"5 1.055 0.023
4 2.11xl0-5 2.111 0.324
8 4.22xl0"5 4.219 0.625 0.310 0.00053 53 1.724
16 8.44xl0-5 8.439 0.926 0.796 0.00119 119 2.076
32 1.69X10"4 16.878 1.227 1.167 0.00327 327 2.514
According to Eq. 4.6, Fig. 4.11(c), and Fig. 4.12(c), and assuming that S is a constant
[Tani, 1994]:
log(e/SP)cMAB = 1.9765 (4.8)
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log(8/SP)SnCi2= 1.4144 (4.9)
(S/P)DMAB/(S/P)snci2= 10L9765/1014144 = 3.65 (4.10)
Ifthe absorption coefficient s for the silver clusters produced by the two sensitizers is the same,
then:
PsnC12/pDMAB=3.65 (4.11)
This means that it takes 3.65 times more SnCl2 thanDMAB to produce one silver cluster. This
is consistentwith the previous result that at equimolar concentration SnCl2 is not as efficient as
DMAB in producing a speed increase, especially at the highest concentrations (compare Fig.
4.3 and Fig. 4.5(a), Table 4.2 and 4.3). Due to the poor reproducibility of reduction
sensitizations, it is hard to quantitatively compare the amount of DMAB and SnCl2 used to
achieve the same speed change.
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Fig. 4.12Relationship between KMand [sens] (Qfor the SnCl2 sensitization series.
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4.4 Photobleach of chemically produced silver clusters.
Upon exposure, silver clusters trapping electrons will grow, whereas silver
clusters trapping holes will become smaller or vanish.
Electron trap:
Ag + - Ag
Agn +Ag+->Agn+1... (4.12)
Hole trap:
Agn +
h+
-
Agn+
Ag+->Ag., + Ag+... (4.13)
Photolytic bromine from the surrounding phase can also attack silver:
Ag + V2BT2 -> Ag,.! +
Ag+
+Bf (4. 14)
These two reactions, Eq 4.13 and 4.14, have of course the same origin, since bromine in the
surrounding phase is created by and is in equilibrium (unless consumed) with holes in the
lattice:
Br"
+
h+
-> VSBr2 (4.15)
Therefore, given enough exposure, the reduction-sensitization produced absorption peak
for an emulsion will shrink or shift to shorter wavelength if the silver clusters are hole
traps, but the peak height will grow or shift to longer wavelength if they are electron traps
[Ozin,
1978].*
*
According to Ozin and others, the absorption bands ofAg2, Ag3, Ag4, Ag5, Ag6, Ag7, and Ag*,, in an Ar
matrix peaked at 412, 440, 490, 505, 520, 536, and 540 nm, respectively. However, the absorption peak is
expected to be a strong function of environment.
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Fig. 4.13 is the absorption spectra of a DMAB-sensitized emulsion exposed for 0
(dotted curve), 0.5, 1, 2, 4, 8, 16, 32, 64 sec, respectively. The spectrum of the
unexposed sample has a single peak centered at 476 nm as we have seen in the previous
section. As exposure time increases, the absorption peak shifts to longer wavelength and
eventually reaches 540 nm. This is consistent with Tani's work [Tani, 1994]. Also, note
that the absorption peaks of the samples exposed for 0.5 sec, 1 sec, and 2 sec are smaller
than the sample with no exposure. This is an indication of photobleaching R centers.
However, the broad latent image peak at 540 nm
*
overlaps with the R center peak at 476
nm so that it is hard to resolve them and study the R center separately.
o
o
300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)
Fig. 4.13 Absorption spectra ofaDMAB sensitized emulsion exposedfor 0, 0.5, 1, 2, 4, 8, 16, 32, 64
sec. Dotted curve: no exposure. Solid curves: exposed
To separate the peak at 476 nm from the overall peak, a strong electron trap or
desensitizer, methyl viologen dibromide (MV) inwater solution was added to the emulsion
* No fog centers are observed because this emulsion has been developed in EAA-1 . Change of speed is
0.93 logE and the fractional fog is 0.07.
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before exposure. MV is an oxidation agent. Photoelectrons were trapped by MV
preventing latent image center formation during exposure. Meanwhile, MV was reduced.
Fig. 4.14 shows absorption spectra of a DMAB-sensitized emulsion mixed withMV (20 g
ofMV per Ag mole) and exposed for 0, 1/4, 1/2, 1, 2, 4, 8, 32, 64 sec. Latent image
center formation was effectively quenched by adding MV. Note that there is a weak peak
at about 400 nm in each spectrum in Fig. 4.14, but no such peak was observed for
emulsions without MV (see Fig. 4.9 and Fig 4.13). Fig. 4.15 shows the ultraviolet and
visible absorption spectra of methyl viologen cation radical iodide (in acetonitrile and in
water) and chloride (in acetonitrile) [Kosower, 1964]. The reduced form of MV has a
strong and sharp absorption peak at about 400 nm and a broad peak at about 600 nm.
The 600 nm peak in Fig. 4.14 is not apparent, but the 400 nm peak is likely due to the
reduced MV.
476 nm
o
O
2
W
300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)
Fig. 4.14Absorption spectra ofaDMAB sensitized emulsion mixedwith MVand exposedfor 0, 1/4,
1/2, 1, 2, 4, 8, 32, 64 sec. The number besides each spectrum is the exposure time in seconds.
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Fig. 4.15 The ultraviolet and visible absorption spectrum ofmethylviologen cation radical iodide (in
acetonitrile. _^______ and in water ) and chloride (in acetonitrile ). (from
[Kosower, 1964])
Another feature of Fig. 4.14 is that, at short times, the absorption peak height
decreases with increasing exposure time, but the spectrum of the emulsion exposed for 32
sec is almost on top of that for a 64 sec exposure, as well as for 180 sec and 360 sec
exposure (not shown on Fig. 4.14). The evidence of photobleach indicates that some of
the reduction sensitization centers are hole traps. However, the silver cluster absorption
peak cannot be completely bleached, and the cause of the unbleachable peak is not clear.
The following reasons may explain the unbleachable absorption peak:
1 . The penetration depth of 400 nm light may be shorter than that of 475 nm light
because silver halide absorbs more light at 400 nm. If so, the unbleachable part may be
due to unexposed grains. However, this possibility is probably very low, since the
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exposure (by spectrophotometer) time at about 476 nm during running the spectrum is
very short compare to pre-exposure time at 400 nm.
2. Another possibility for the unbleachable peak is Agn in gelatin. However, it's
very hard to design an experiment to separate silver bromide grain from the gelatin
solution.
3. The unbleachable peak may correspond to P centers which do not have a chance
to grow because MV has trapped all of the photoelectrons. Also note that the
unphotobleachable centers absorb at longer wavelength than the overall peak (no
exposure). Therefore, P centers and R centers are probably in different electronic
environment, or perhaps P centers are larger than R centers.
To study the photobleachable silver clusters (R center) only, software called
PeakFit which is available from Jandel Scientific was used to fit the spectra in Fig. 4. 14 by
two curves: one is the unbleachable part from the 64 sec exposure, the other is the
computer generated curve that makes the overall curve fit the original spectrum well. Fig.
4.16 is an example of this curve fit. The dotted curve is the original curve before
photobleach. The curve at longer wavelength is the unbleachable part, i. e., the curve with
64 sec exposure. The curve at shorter wavelength is the photobleachable part. The solid
curve which is almost on top of the original is the composite curve.
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Fig. 4.16 An example ofcurvefit.
Each spectrum in Fig. 4.14 was fitted by two peaks as described above. Fig. 4.17
is a plot of logKM of the bleachable part against photobleach time for a DMAB sensitized
emulsion mixed with MV and exposed with a 400 nm filter. The spectra obtained beyond
8 sec exposure were not analyzed because the next exposure time, 32 sec, used in this
experiment has no effect on the absorption spectra (unbleachable). The bleachable peak
height decreases with increasing exposure time. The data points on the plot can be fitted
by two straight lines, One at shorter exposure times and with a larger negative slope, the
other at longer exposure times and with a smaller negative slope. Analogous to first-order
reaction kinetics, the slope of the plot is proportional to the rate of photobleach. Several
possible reasons may lead to a slower rate at longer exposure times.
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Time (sec)
Fig. 4.17LnKM ofbleachablepeak vs exposure timefor a DMAB sensitized emulsion mixed with MV
and exposed with a 400 nmfilter (no neutral densityfilter).
1 . The amount ofMV is not enough to trap all of the electrons when exposure
time is very long. In this case, photoelectrons would be trapped by P centers to form
latent image centers, or recombine with photoholes. However, identical results were
obtained when the MV level was increased by four times. The amount ofMV appears to
be sufficient to trap all the photoelectrons.
2. Reciprocity failure. If the slower rate at longer times is due to reciprocity
failure, then a decrease in light intensity and an increase in exposure time should affect the
results. To test the reciprocity properties, another photobleach experiment was conducted
using a 1.0 neutral density filter besides the 400 nm filter, while exposure times were
prolonged to about ten times. Fig. 4. 1 8 shows the result. Fig. 4.17 and Fig. 4. 1 8 are very
similar to each other. Both of the fast and the slow components remain in Fig. 4.18.
Therefore, no apparent reciprocity failure exits in photobleach process.
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Fig. 4.18 LnKM ofbleachablepeak vs exposure timefor a DMAB sensitized emulsion exposed with a
400 nmfilter and afilter ofneutral density 1.0.
3. There are probably two kinds of photobleachable centers, one with a rapid
response to exposure and the other with a slow response.
The above photobleach experiments were also conducted on a SnCl2 sensitized
emulsion. Similar results were obtained. In this case, each sample of the SnCl2-sensitized
series emulsions was studied. Each sample was exposed until only the unbleachable silver
clusters remained. Diffuse reflectance of each sample was obtained before and after
exposure. The absorption spectra of the emulsion series that were not exposed were fitted
by two peaks, photobleachable and unbleachable, as mentioned above.
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Fig. 4.19 The relationship between KM and SnCl2 concentration for both photobleachable and
unbleachablepeaks.
Fig. 4.19 shows the relationship between KM and SnCl2 concentration for both
photobleachable and unbleachable part. At low SnCl2 concentration, the height of the two
kinds of peaks is about the same. The height of both peaks increases with the
concentration of sensitizer, but the height of the bleachable peak increases much faster
than that of the unbleachable peak. Assuming that the unbleachable peak is due to P
centers, this result is somewhat different from previous investigations.
Both Collier and Tani made conclusion about R center and P center by measuring
photoconductivity [Collier, 1979] [Tani, 1994]. However, photoconductivity of the
emulsion grains was measured at -100C. The following reactions are necessary for
destruction of the R centers:
Agn
+h+
->
Agn+
Agn+->Ag.i
+Ag+
(4.16)
(4.17)
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At such low temperature, the second step may not take place.
Agn+
would be a good
electron trap, so Agn can act as a recombination centers at low temperature. This can be
seen in luminescence studies [De Rouck, 1983]. Therefore, photoconductivity
measurements may be misleading when distinguishing R center and P center.
Palm studied surface and internal speed of a surface sensitized emulsion to
determine P center and R center (see chapter 2, p. 10) [Palm, 1977]. His result could also
be explained by the fact that both P centers and R centers exist simultaneously. At low
sensitizer concentrations, small number of P centers may not trap all the photoelectrons.
Along with R centers on the surface of silver halide grains, both the surface and internal
speed may increase. The number of P centers increases with the concentration of
sensitizer. Such surface electron traps compete with internal electron traps (defects, for
example) so that surface speed continue to increase whereas internal speed decreases. His
experiment method has it's drawback because it only sees either electron traps or hole
traps, depending on which one is overwhelming.
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Chapter 5
Conclusions
1 . Chemically (DMAB and SnCl2) produced silver clusters are not very stable upon
storage. Speed and fog density increase over time.
2. Reflectance and absorption spectra ofDMAB- and SnCl2- sensitized emulsions
were obtained and they are comparable to Tani's work [Tani, 1994]: reduction sensitizer
centers at 476 nm (474 nm in Tani's paper), fog or latent image centers at 540 nm. SnCl2
sensitized emulsions have smaller peaks compared with the same mole concentration of
DMAB. Peaks from pH-sensitized emulsions were too small too analyze.
3. Absorption (KM) at 476 nm and the concentration (C) ofDMAB or SnCl2 are
linearly related. Log(KM) and logC are also linearly related, with slope 1 - as predicted
by Kubelka-Munk equation and a simple reaction model. However, such data alone are
not sufficient to determine the size of the silver clusters giving rise to the 476 nm peak.
4. Photobleach experiments show that some of the reduction sensitizer centers are
R centers which are photobleachable, whereas some may be P centers which are non-
photobleachable. In this particular experiment, both the number of R centers and the
unbleachable centers increases with the concentration of sensitizer, but the number of R
centers increases much faster than that ofunbleachable centers.
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